~ Hybrid cell lines have been derived which produce monoclonal antibodies reacting with outer membrane protein I from Neisseria gonorrhoeae strain P9. The antibodies obtained showed variable reactivity with other strains but one antibody recognized an epitope present on all of the strains tested which expressed the protease sensitive protein IB. Purified IgG labelled with 251 was used in competitive radioimmunoassays with unlabelled antibody to investigate the spacial distribution of the epitopes recognized. Each pair of antibodies showed some degree of inhibition. The relative magnitude of inhibition suggested that the conserved epitope lies within a variable region containing other epitopes which determine the antigenic specificity of the protein. Western blotting of peptides derived by proteolytic digestion of protein IB revealed that the conserved epitope is located close to the chymotrypsin cleavage site within a 7000 M , surface exposed region of the molecule. Abbreuiutiuns: OM, outer membrane(s); PMSF, phenylmethanesulphonyl ff uoride; TLCK, Ncr-p-tosyl-lysine chloromethyl ketone ; TPCK, N-tosyl-L-phenylalanine chloromethyl ketone. 0001-3076 0 1986 SGM Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Thu, 27 Dec 2018 10:41:24 1612 J . N . FLETCHER A N D OTHERS
INTRODUCTION
Surface proteins of gonococci show considerable antigenic heterogeneity, not only between strains but also within a strain. Indeed, much of the success of the bacteria as pathogens may be attributed to their ability to switch expression of important virulence determinants (Heckels, 1986) . Colonial variants of a single strain can express pili which differ in subunit molecular mass (Lambden et al., 1981a) , amino acid composition and ability to attach to epithelial cells (Lambden et al., 1981 b) . Similarly intrastrain variations in outer membrane protein I1 (P. 11) are associated with alterations in antigenic specificity (Diaz & Heckels, 1982) , interactions with leucocytes (Swanson et al., 1975 ; Virji & Heckels, 1986) and with epithelial cells (Lambden et al., 1979; Virji & Everson, 1981) . These variations, which were originally detected after growth in vitro, also occur during the course of the natural infection (Zak et al., 1984) , suggesting that antigenic shift enables gonococci to adapt to an ever changing host environment. Antigenic variation of important virulence antigens is also a major obstacle to the development of an effective vaccine and focuses attention on conserved antigenic domains.
The major protein (P.1) is not subject to antigenic shift and is apparently essential to gonococcal viability since it functions as a porin, creating a hydrophilic diffusion channel allowing uptake of essential nutrients (Douglas et al., 1981 ; Lynch et al., 1984) . P.1 may also play an important role in gonococcal virulence since it can be transferred from the outer membrane (OM) into the host cell membrane (Blake & Gotschlich, 1983) , a mechanism which might have an important influence on interaction of gonococci with epithelial cells. Although P.1 differs between strains and the differences are responsible for serotype specificity (Sandstrom et al., 1982) , structural studies suggest that some domains are more widely shared (Swanson, 1979; Sandstrom et al., 1982) and that only a limited number of major classes of P.1 exist. This report 3,3',5,5'-tetramethylbenzidine (Miles) ml-l in 0.1 M-sodium acetate buffer, pH 6.0, containing 0.01 % (v/v) of 100
volumes HzOz] was added and incubated at room temperature. The reaction was stopped by the addition of 1 M-H2S04 and the determined in a Titertek Multiscan ELISA reader (Flow Laboratories). ELISA units were recorded as the antibody dilution which would give an increase in A450 of 0-1 h-l.
SDS-PAGE and Western blotting. W hole-cell bacterial lysates were subjected to SDS-PAGE at a concentration of 5-10 pg protein per track on gels (1 x 160 x 110 mm) containing linear gradients of 10-25% (w/v) acrylamide with a constant acrylamide : bisacrylamide ratio of 38.5 : 1 (Heckels, 1981) . Low molecular mass peptides were separated on gels containing linear gradients of 10-18 % acrylamide with an acrylamide: bisacrylamide ratio of 19.2: 1 and incorporating 7 M-urea (Hashimoto et al., 1983) . Separated proteins were directly detected with PAGE-Blue 83 (BDH) or by silver staining (Merril et al., 1981) or were transferred to nitrocellulose sheets for immunological detection.
Separated proteins were electrophoretically transferred to nitrocellulose sheets (BA85 ; Schleicher & Schull), using 20 m~-Tris/l50 mM-glycine buffer, pH 8-3, containing 20% (v/v) CH30H as described by Towbin et al. (1979) but with the addition of SDS to 0.1 % (w/v). Preliminary experiments showed that the presence of SDS in the transfer buffer was essential for adequate transfer of P.I. After blocking with BSA, sheets were sequentially reacted with monoclonal antibody and 251-labelled Protein A. Immunological reactivity was detected by autoradiography (Virji & Heckels, 1983) .
For screening of hybridoma culture supernatants a sample of OM containing 200 pg protein was subjected to SDS-PAGE as a single 115 mm wide well. After transfer to nitrocellulose, 3 mm wide strips were cut and each reacted with a different culture supernatant then treated as above. The antigens reacting with each antibody were identified by reference to autoradiographs of lysates of whole cells which had been surface labelled with lZsI and transferred to nitrocellulose as side strips of the original gel.
Production and characterization of monoclonal antibodies. Hybridoma secreting anti-P.1 antibodies used in these studies were obtained using immunization schedules described previously (Virji et al., 1983) and used mixtures of live gonococci comprising strain P9 and fresh isolates SUSO and SU72, each of which expressed P.IB. The general methods used for the production of hybrid cell lines have previously been described (Virji et al., 1983) . Briefly, spleen cells from immunized BALB/C mice were fused with the NS-1 myeloma cell line in the presence of 50% (w/v) polyethyleneglycol-4000 (Merck). Initial screening of hybridoma supernatants was done by ELISA using purified OM and LPS from strain P9-1 as antigens. Those supernatants which reacted with OM but not LPS were further screened by ELISA, using purified OM from four other strains. Antibodies which reacted with more than one strain were further analysed by Western blotting. Hybridoma producing antibodies reacting with a variety of OM proteins were identified by this procedure and those of interest were cloned by limiting dilution. Clones were expanded and approximately 1 O7 cells were injected intraperitoneally in pristane-primed BALB/C mice for the production of ascitic fluids containing high concentrations of monoclonal antibodies. The specificity of antibodies present in ascitic fluid was confirmed by Western blotting. The immunoglobulin subclass of the antibodies was determined by ELISA using rabbit anti-mouse subclass specific antisera (Virji et al., 1983) .
Screening of bacterial strainsjor reactivity with anti-P.I antibodies. Anti-P.1 monoclonal antibodies were screened for reactivity with a limited number of gonococcal strains by ELISA, using purified OM as antigens as described above. Larger numbers of bacterial strains were screened by 'dot blotting' of whole-cell bacterial lysates essentially as described by Virji & Heckels (1983) . Bacterial suspensions (3 pl) in PBS were spotted onto nitrocellulose sheets, dried and lysed in the presence of Nonidet P-40. After blocking with 3% BSA, the sheets were reacted with a 1 : 100 dilution of ascitic fluid for 1 h and washed, and antibody binding was detected with 1251-labelled Protein A.
Proteolytic sensitivity of P.I in diyerent gonococcal strains. Gonococci were suspended in Dulbecco's complete phosphate-buffered saline, pH 7.3 (Oxoid) to an A550 of 1.0 (corresponding to 0.5 mg protein ml-I) and mixed with an equal volume of TLCK a-chymotrypsin (Sigma) in the same buffer (250 pg ml-j) or an equivalent volume of buffer alone. The suspensions were incubated at 37 "C for 30 min when the reaction was stopped by the addition of PMSF to 1 mM. Samples were subjected to SDS-PAGE and the proteolytic sensitivity of P.1 was determined by comparison of adjacent tracks from the same strain with and without chymotrypsin treatment.
Pur$cation of antibodies and l z 5 I labelling. Monoclonal antibodies of IgG class were purified by Protein A affinity chromatography as described previously (Virji et al., 1983) with minor modifications. Ascitic fluid was diluted four-fold in 0-2 M-sodium phosphate buffer, pH 8.5, and applied to a Protein A-Sepharose column equilibrated in the same buffer. The column was washed with 0.02 M-sodium phosphate buffer and Ig eluted with 0.2 M-sodium citrate, pH 4. Samples containing antibody were immediately neutralized using 5 M-NaOH and dialysed against PBS. Purified monoclonal Ig were labelled with Nal 251 and Iodogen (Pierce). Unreacted isotope was removed by chromatography on Sephadex G-25 to yield a product with a specific activity range of 22-37 kBq pg-l. The preparations of Ig were monitored for reactivity against OM antigens by ELISA after each manipulation.
Radioimmunoassay and competitive binding experiments. Polystyrene microtitre plates were coated with purified OM from variant P9-1 under the conditions used for ELISA. Serial dilutions of 1251-labelled monoclonal antibody in Tris/Tween buffer were added in 100 p1 volumes to antigen-coated wells and incubated at 37 "C for 1 h. Plates were washed and the bound antibody was solubilized in 1 % (w/v) SDS in 0.1 M-NaOH and quantified by gamma counting (Virji et al., 1983) . The avidity of antibody binding was determined from Scatchard plots as described by Frankel & Gerhard (1979) .
For competitive binding experiments serial dilutions of ascitic fluids or purified Ig in Tris/Tween buffer were incubated in antigen-coated wells for 1 h at 37 "C. Then the minimum amount of 251-labelled antibody required for saturation binding was added to each well and incubation was continued for a further period of1 h. The plates were washed and bound radioactivity was determined by gamma counting. The unlabelled homologous antibody was included as a positive control for competitive inhibition. All assays were done in triplicate. Detection of epitopes recognized by monoclonal antibodies on proteolytic fragments of PJB. Purified OM from the P.11-variant P9-1 were suspended in PBS at a concentration of 1 mg protein ml-1 and either TPCK trypsin or TLCK a-chymotrypsin (Sigma) was added to give a final enzyme : protein ratio of 1 : 20. The tubes were incubated at 37°C and samples were removed at intervals. The reaction was stopped by the addition of SDS-PAGE dissociating buffer containing 2 mM-PMSF followed by heating to 100 "C for 5 min. Controls were done by incubating OM in the absence of enzyme, and by adding PMSF before the enzyme, to obtain an effective zero incubation time. Proteolytic fragments were separated by SDS-PAGE, transferred to nitrocellulose and reacted with monoclonal antibody. In some experiments proteolysis was terminated by the addition of PMSF to 1 mM and the incubation mixture was centrifuged in a Beckman Airfuge ultracentrifuge at lOOOOOg for 30 min. The soluble and membrane fractions were separately subjected to SDS-PAGE.
R E S U L T S

Properties of P.I reactive antibodies
The aim of the current study was to obtain monoclonal antibodies which recognized widely distributed epitopes on P.1 rather than unique 'type-specific' determinants. Accordingly the immunization strategy utilized OM from three strains and hybridoma were only selected for further study if they reacted in ELISA with more than one strain. The nature of the antigen recognized was then determined by reacting culture supernatants on Western blots of OM from strain P9. Five hybridoma which reacted with P.1 were selected and antibodies produced by growth of the cloned hybrids in ascites were used for more detailed studies ( Table 1) . The  Table 1 
. Reactivities of anti-P.I monoclonal antibodies
Monoclonal antibodies raised against P.1 were screened against purified OM preparations from several gonococcal strains by ELISA. Results are mean titres from three assays and are expressed as titre x described in Methods. Avidity constants were determined by the method of Frankel & Gerhard (1979); ND, not determined. 10-6. -represents a titre <0.01. The isotype of each antibody was also determined by ELISA as Reactivity of strain:
y2a 2.5 X 10' M-' 14.4 12.7
0.02 
antibodies showed restricted reactivity on ELISA with OM from four other strains despite the rationale of their production and selection. The four antibodies of IgG class were further screened by dot blotting against whole-cell lysates of gonococci (44 strains), meningococci (20 strains) and other Gram-negative bacteria including N . lactamica and other Neisseria species. The reactivity of all the antibodies was restricted to gonococci; none reacted with any other speciestested. Antibody SM24 showed the most extensive cross-reactivity, amounting to 45 % of the gonococcal strains tested. The other antibodies reacted with <20% of the strains and only from amongst those which were SM24 positive. Antibodies SM21 and SM22 reacted with identical strains, distinct from those recognized by antibody SM20. It was thus possible to divide the gonococci into five groups according to their pattern of antibody reactivity ( Table 2) , strain P9 being unique in that it reacted with each.
Classijication of P. I by proteolytic sensitivity
Since gonococcal isolates fall into two roughly equal groups according to the P.1 type expressed, the gonococcal strains used above were classified by their expression of P.IA or P.IB as determined by sensitivity to proteolytic digestion (Barrera & Swanson, 1984) . Suspensions were incubated with or-chymotrypsin then subjected to SDS-PAGE alongside untreated samples. Two patterns of reactivity were seen (Fig. 1) . With one group, which included strain P9, P.1 was degraded with the concomitant appearance of fragments of approximate M , 22000, 20000 and 15000, whereas the other strains were resistant to digestion. When the P.1 type was compared to reaction with the monoclonal antibodies, reactivity was only found among members of the P.IB group. Antibody SM24 reacted with all the P.IB-expressing strains which were tested, indicating the presence of a conserved epitope in the different serotypes of P.IB. 
Competitive radioimmunoassay
In order to investigate the spacial distribution of epitopes on P.IB the antibodies of IgG class were labelled with 251 and used in competitive radioimmunoassay. Ascitic fluids were serially diluted and incubated with OM from variant P9-1 before the addition of the predetermined amount of labelled antibody required for saturation binding. ELISA had shown that each ascitic fluid contained greater than saturating levels of antibody at dilutions of 1 : 100.
Under the conditions used the excess of unlabelled antibody present in ascitic fluid at a dilution of 1 : 100 inhibited binding of 70-95 % of the homologous 251-labelled IgG. In most cases the homologous antibody was amongst the most effective inhibitors (Fig. 2) but with SM21 this was not the case; antibodies SM22 and SM24 showed considerably greater effect. With each antibody a significant but variable degree of inhibition of binding was also seen with each of the heterologous antibodies (Fig. 2) . Thus antibodies to the other P.IB epitopes all showed inhibition of SM24 binding to the conserved P.IB epitope in the relative order SM22 >SM21 = SM23 >SM20. In contrast to the P.IB antibodies, monoclonal antibodies directed against other OM proteins, namely P.11 and a common pathogenic Neisseria protein (Virji et al.,  1985) , showed no inhibition of SM24 binding and an anti-LPS monoclonal antibody gave limited inhibition only at the highest concentration tested (Fig. 3) .
Location of the conserved epitope on peptides dericed from P.IB OM from variant P9-1 were incubated with cr-chymotrypsin, samples were periodically withdrawn and subjected to SDS-PAGE. The P.IB band with an apparent M , of 36000 was gradually reduced in intensity with the concomitant appearance of 15 000 and 22000 bands (Fig.  4a) . On a similar gel with antibody SM24 showed reactivity with P.IB but not with any of the proteolytic fragments (Fig. 4b) .
On incubation of OM with trypsin, P.IB was cleaved to produce fragments of apparent M , 12000 and 26000 (Fig. 4c) . The latter fragment reacted with antibody SM24 but was further cleaved by trypsin to produce a fragment of M , 19000 which failed to react (Fig. 4 4 . Both the 12000 and 19000 fragments remained associated with the membrane fraction and were not released into solution. No reactive peptides could be detected in the soluble fraction after Western blotting of SDS-PAGE gels, which had a lower M , limit of approximately 2000 (Hashimoto et al., 1983) .
DISCUSSION
P.1 is the most abundant protein present on the surface of gonococci and appears to play a critical role in maintenance of the structure and function of the OM (Blake & Gotschlich, 1983). Despite a common functional role variations in the structure of P.1 molecules present on different strains are responsible for antigenic differences, which form the basis for a number of serotyping schemes (Sandstrom et al., 1982) . Although the object of serological classification is to subdivide gonococci into a relatively large number of types for epidemiological investigations, such studies have generally indicated that the different P.1 serotypes fall into one of three main groups, each of which can be further subdivided into a number of serovars. Thus with polyvalent antisera W ang et al. (1 977), using immunofluorescence, classified gonococci into three groups, A, B and C , and using co-agglutination Sandstrom & Danielsson (1 980) made the division into groups WI, WII and WIII. In contrast, peptide maps of tryptic or chymotryptic digests of P.1 from different strains suggested only two major structural classes (Swanson, 1979) . Subsequent studies revealed that serogroup WI strains express one class of P.1 (P.IA) and that the WII and WIII groups are closely related and both express P.IB (Sandstrom et al., 1982) . The two types of P.1 are quite different in their primary structure and organization within the OM. Peptide mapping reveals that, although the different serovars of P.IA have much of their structure in common, as do the different P.IB molecules, there is limited homology between the groups (Sandstrom et al., 1982) . Most of the P.IA molecule is contained within the membrane, so resisting proteolytic cleavage, with only a short terminal portion exposed on the surface. In contrast, P.IB molecules have both terminal regions located in the membrane and a central portion exposed on the surface which is susceptible to proteolytic digestion (Barrera & Swanson, 1984) .
The distinct difference between the two classes of P.1 is reflected in their reactivity with monoclonal antibodies. A recently described serotyping scheme (Knapp et al., 1984) identified 18 P.IA serovars on the basis of reactivity with one panel of six antibodies, and 28 P.IB serovars from reactivity with a second panel of six. No antigenic cross-reactivity between the two classes was observed. Similarly in the current study none of the monoclonal antibodies, obtained by immunization with OM containing the protease sensitive P.IB, reacted with strains expressing the protease resistant P.IA. Four monoclonal antibodies reacted with epitopes present in a limited number of strains expressing P.IB. Antibody SM24 was of particular interest since it reacted with all the P.IB-expressing strains which were tested, indicating the presence of a highly conserved and perhaps ubiquitous epitope on this protein.
Radioimmunoassay inhibition experiments were done to investigate the proximity of the epitopes recognized. Similar studies with monoclonal antibodies to gonococcal pili have revealed that variable and conserved epitopes lie in distinct domains (Virji & Heckels, 1983) . In addition the similar reciprocal inhibition between pairs of antibodies made it possible to suggest a linear order of epitopes in the variable domain which determines the antigenic specificity of a particular pilus (Heckels & Virji, 1985) . With the P.IB monoclonal antibodies no such conclusions are possible. Each antibody was able to inhibit binding of every other antibody although to a very variable extent and pairs of antibodies did not show similar reciprocal inhibition. Thus, while antibodies SM22 and SM24 both effectively inhibited binding of SM20, this antibody showed only limited inhibition of either SM22 or SM24. The effectiveness of * denotes reactivity with antibody SM24; K denotes x M , value.
inhibition did not correlate with avidity of binding, since SM22, the least avid antibody, was amongst the most effective inhibitors. Inhibition data may therefore reveal information about the topography of the epitope distribution, since an antibody binding to a readily accessible epitope would block binding to a more deeply buried epitope but not vice versa. In this model the conserved epitope recognized by SM24 is the most superficially exposed and lies within a variable region containing the other epitopes which determine serotype specificity of P.IB. Another possibility, that binding of one antibody may induce conformational changes affecting binding of a second antibody at a distance, cannot however be excluded.
The location of the conserved epitope within the P.IB molecule could be further determined by Western blotting of peptides generated by treatment of OM with proteolytic enzymes. Previous studies have revealed that P.IB is cleaved by chymotrypsin to produce two fragments, which remain membrane associated (Blake et al., 1981) . While reactivity of SM24 with intact P.IB from strain P9 could be readily detected on Western blots, neither the fragment of M, 15 000 nor the fragment of M , 22000 generated by chymotryptic cleavage reacted. In contrast, the primary site of trypsin cleavage produced a reactive fragment of M , 26000, which was then further cleaved to produce a membrane associated fragment of M , 19000, which failed to react. This cleavage might also be expected to release a soluble fragment of M , 7000 containing the conserved epitope but this could not be detected. Presumably release of the polypeptide from the membrane exposes additional potential trypsin cleavage sites resulting in its further degradation. Using the model of P.IB organization proposed by Barrera & Swanson (1984) the position of SM24 binding is illustrated in Fig. 5 . The conserved epitope is located within a surface exposed region of M , 7000 of the P.IB molecule at or close to the chymotrypsin cleavage site.
The existence of a readily accessible, conserved determinant on a major surface protein provides an attractive target for a potential vaccine. An accompanying paper (Virji et al., 1986) describes the use of monoclonal antibodies to investigate the potential protective effect of antibodies directed against P.IB. 
